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MOTION  SYSTEMS  ROLE  IN  FLIGHT  SIMULATORS 
FOR  FLYING  TRAINING 


I.  INTRODUCTION 

The  use  of  motion  systems  for  flight  simulators  as  part  of  military  flying  training  programs  has,  in 
recent  years,  been  the  subject  of  considerable  (and  often  heated)  debate.  As  early  as  spring  1974,  scholars  of 
varying  backgrounds  within  the  aircraft  simulation  community  began  to  question  the  practice  of 
automatically  including  large,  expensive,  multiple  degrees  of  freedom  platform  motion  systems  in  simulator 
procurements  (Ref  14,  19).  They  pointed  out  several  serious  deficiencies  associated  with  these  devices, 
including  increased  energy  costs,  facility  costs,  and  operational  maintenance  costs.  Increased  cost  and 
complexity  meant  that  integration  of  these  motion  systems  with  high  fidelity,  wraparound  visual  systems 
became  a difficult  and  expensive  task,  a job  which  has  not  been  successfully  accomplished  to  date  on  any 
advanced  simulator  complex.  More  importantly,  critics  of  the  motion  systems  pointed  out  that  currently 
available  stationary  training  devices  were  highly  effective  and  possessed  considerable  transfer  value,  while 
no  known  commercially  affordable  motion  system  had  shown  a statistically  significant  transfer  effect,  let 
alone  one  of  practical  value  from  either  the  cost  effectiveness  or  training  effectiveness  points  of  view.  As  a 
result,  the  USAF  Tactical  Air  Command  (TAC)  recently  took  the  position  of  refusing  to  purchase  platform 
motion  systems  as  part  of  its  A-10  and  F-16  simulator  procurement  actions  until  such  systems  could  be 
shown  to  exhibit  significant  positive  transfer.  This  report  will  review  the  literature  as  it  relates  to  the  role  of 
platform  motion  systems  in  flight  simulators  and  will  attempt  to  place  that  information  in  the  perspective 
of  the  military  flying  training  program. 

The  issue  of  platform  motion  is  regarded  as  a function  of  four  primary  variables  in  the  training 
environment:  motion  itself,  aircraft  type,  pilot  population  experience  level,  and  training  objective. 

Throughout  the  remainder  of  this  report,  unless  otherwise  noted,  motion  will  be  regarded  as  being 
maneuver  correlated  and  not  as  resulting  from  disturbances  generated  by  a platform  motion  system.  In  this 
report,  aircraft  type  refers  primarily  to  fixed  wing  aircraft  and  not  to  helicopters  nor  space  vehicles. 

Experience  level  ranges  from  the  Undergraduate  Riot  Trainee  through  combat  qualified  pilots,  although  the 
efnphasis  will  be  placed  on  the  latter,  as  it  is  in  the  advanced  skill  acquisition  and  maintenance  that  the  Air 
Force  spends  the  largest  portion  of  its  training  dollars.  Training  objective  refers  to  the  purpose  of  the 
simulator  system  in  training  the  person.  Simulators  range  from  small,  inexpensive  part-task  trainers,  to 
highly  complex  (and  expensive)  full  mission  simulators  theoretically  capable  of  performing  any  maneuver 
or  task  that  the  aircraft  can.  Evidence  on  motion  use  comes  from  three  areas:  ground,  airborne,  and  transfer 
studies.  Within  each  of  these  areas,  motion  will  be  examined  from  the  point  of  view  of  either 
compensatory,  pursuit,  or  precognitive  tracking. 

II.  GROUND  SIMULATION  STUDIES 

Ground  simulation  studies,  like  their  airborne  and  transfer  counterparts,  break  roughly  into  three 
groups:  single-  and  multi-axis  compensatory  tasks,  single-  and  multi-axis  pursuit  tasks,  and  multi-axis 
precognitive  tasks,  although  by  far  the  largest  volume  of  research  results  is  in  the  area  of  single-axis 
compensatory  tracking.  Dependent  measures  vary,  depending  on  experimental  goal,  but  belong  in  two 
classes:  time  domain  and  frequency  domain.  Typical  time  domain  measures  are  RMS  error,  moment 
functions,  and  time  on  target.  Effective  time  constant,  crossover  frequency,  pilot  and  pilot/machine 
transfer  functions  all  exemplify  frequency  domain  measures.  This  report  will  examine  experimental 
information  from  compensatory,  pursuit,  and  precognitive  tasks. 

III.  COMPENSATORY  TRACKING 

In  the  typical  compensatory  tracking  situation,  hie  subject  is  provided  an  error  signal  and  possibly 
one  or  more  of  its  derivatives,  by  way  of  various  displays.  He  then  tries  to  minimize  error  by  manipulating 
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the  available  controls).  Extensive  mathematical  modeling  of  systems  similar  to  Figure  1 has  been  generated 
(Ref  24,  25,  39).  Variations  of  controller  characteristics  and  the  resulting  effect  on  manual  control  across  a 
broad  band  of  dynamics  have  been  examined.  Compensatory  tracking  tasks  are  forcing  functions  of  two 
major  types,  single  sine  waves  and  random  appearing  waves,  although  the  latter  are  by  far  the  most 
prevalent.  In  most  cases,  the  input  function  has  very  low  coherency,  and  thus  the  subject  does  not  have 
direct  information  concerning  either  the  nature  of  the  input  or  the  characteristics  of  the  controlled 
element. 


Figure  1.  Typical  compensatory  system. 

Viewing  the  subject  as  a primitive  information  processor,  in  such  a tracking  task,  the  sensory  system 
that  provides  the  most  lead  (or  least  lag)  at  the  greatest  resolution  for  the  error  signal  will  be  the  system 
which  allows  for  better  average  control  performance.  It  is  in  this  regard  that  the  vestibular  system,  with  its 
generally  agreed  on  lower  stimulation  thresholds  (or  lower  reaction  thresholds)  (Ref  4,  8,  11,  40,  42), 
should  provide  improved  tracking  performance  over,  say,  a visual  presentation  alone.  However,  the 
literature  is  restricted  primarily  to  the  tradeoff  between  very-small-field-of-view  visual  presentations  and 
motion  effects,  so  that  the  effect  of  a large  tield-of-view  has  only  recently  been  addressed  (Ref  40,  43).  It  is 
important  that  the  reader  understand  the  conceptual  framework  that  underlies  the  current  mathematical 
models  of  human  tracking  behavior1  and  why  many  researchers,  including  the  author,  reject  its  wholesale 
application  to  flying  training.  The  primary  difficulty  with  the  present  theory  is  that  its  applicability  is 
limited  to  dealing  with  control  inputs  of  random,  random-appearing,  or  transient  nature.  Unlike  actual 
aircraft  flight,  the  pilot  is  presented  with  a display  that  essentially  contains  no  information.  A pilot’s 
capability  to  “solve”  a tracking  problem  (say  a bombing  run)  over  a series  of  trials  and  to  “store  it”  for 
future  reference  is  not  addressed.  Although  learning  of  a sort  will  occur  (specifically , learning  which  of  the 
cues  best  help  the  pilot  reduce  the  display  error),  the  task  cannot  be  learned  in  the  sense  that  a loop, 
overhead  pattern,  or  barrel  roll  is  learned.  Thus,  in  the  presence  of  random,  random  appearing,  or  transient 
inputs,  a pilot  reacts  like  a servosystem  because  he  has  no  alternative  and  not  because  his  behavior  can  be 
characterized  by  servosystem  properties.  A second  major  drawback  in  the  literature  is  that  the  control 
system  dynamics  studied  are  often  very  dissimilar  to  aircraft  dynamics.  Much  literature  has  been  devoted  to 
unstable  or  marginal  dynamics,  containing  substantial  negative  damping  ratios  or  higher  order  derivatives, 
while  most  aircraft  have  reasonable  control  dynamics  with  excellent  damping  characteristics.  A general  rule 
is  that  the  more  unstable,  or  higher  the  order,  a control  system  is,  the  more  likely  some  form  of  motion 
information  will  be  of  benefit  in  a compensatory  tracking  task;  however,  for  typical  aircraft -like  dynamics 
(Ref  12),  some  researchers  have  found  that  in  these  situations  motion  tends  more  to  interfere  with,  than  to 
aid,  tracking  performance  (Ref  15,  16,  17).  It  is  interesting  to  note  that  pilots  are  instructed  to  ignore  “seat 
of  the  pants”  (i.e.,  motion)  stimuli  in  the  instrument  flying  environment  and  rely  solely  on  the  instruments. 
Mathematical  models  of  the  vestibular  system  also  show  a poor  correlation  between  perceived  and  actual 
motion,  primarily  due  to  the  nonlinearities  and  adaptation  phenomena  associated  with  the  vestibular 


1 For  an  excellent  summary  of  mathematical  modeling  of  human  pilot  behavior,  the  reader  is  encouraged  to  review 
Reference  25. 
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system  (Ref  2,  43).  It  is  instructive  to  examine  one  such  experiment  in  detail.  For  this  purpose,  consider 
the  one  discussed  in  “Evaluation  of  Roll  Axis  Tracking  as  an  Indicator  of  Vestibular/Somato  Sensory 
Function”  (Ref  15,  16,  17).  In  this  experiment,  subjects  were  asked  to  perform  a roll  compensatory  task  as 
shown  in  Figure  2.  Zero  mean,  band-limited  (to  .5  rad/sec)  Gaussian  noise  was  used  as  the  forcing  function, 
and  its  standard  deviation  was  set  to  90°  of  roll.  The  subject  was  presented  the  error  signal  via  a small 
field-of-view,  inside-out  visual  display  and  additionally,  when  in  the  motion  mode,  through  platform  roll 
motion.  A side-mounted  force  stick  was  used  for  operator  control.  Figure  3 contains  the  simulated 
dynamics  and  Figures  4 through  7 the  results  of  the  experiment.  The  reader  is  asked  to  study  these  figures 
carefully  and  refer  to  the  original  experiment  for  further  information  if  required. 


Figure  2.  Roll  axis  tracking  simulator  block  diagram. 
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Figure  3.  Transfer  function  dynamics. 
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Figure  6.  RMS  error  scores  for  plant  number  3. 


no 

100 

♦o 

s *o 

8 

6 70 

Ml 

o 

m 

0 40 

oc  w 

■ 

Ml 

1 M 


^ STATIC 


INPUT  BANDWIDTH*  0.5  RAD'  SEC 
£ MOTION 


0 0 


00 


-l  I I » i I - I . 


5 10  IS  20  25  10  15  40  45  50 

DAY  NUMBER 

Figure  7.  RMS  error  scores  for  plant  number  4. 
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Before  considering  the  data,  note  that  the  approximate  roll  rate  to  aileron  displacement  transfer 
function  is  a simple  first -order  lag  (Ref  1 1).  When  this  is  placed  in  the  context  of  the  experiment,  wherein 
the  error  angle  is  denoted  0,  the  resulting  roll  mode  transfer  function  is  as  shown  in  Figure  8.  Typical  values 
for  the  aircraft  time  constant,  tau,  are  shown  in  Figure  9. 


9is)  = K 

6a  s(h-stA/<;) 


Figure  8.  Approximate  roll  mode  transfer  function. 
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Figure  9.  Typical  roll  mode  time  constants. 


In  this  experiment,  plants  one  and  two  contained  an  additional  (s)  in  the  denominator,  forcing  the 
subjects  to  generate  even  more  lead  than  would  be  required  if  the  dynamics  had  been  representative  of  an 
actual  aircraft.  This  situation  is  confounded  further  in  plants  3 and  4,  where  the  controlled  dynamics  no 
longer  represent  a typical  aircraft.  On  the  basis  of  these  data,  the  more  similar  to  actual  aircraft  dynamics 
the  plant  is,  the  more  the  static  display  performance  would  improve  relative  to  the  motion  display 
performance.  The  authors  of  Reference  16  attributed  the  relatively  poor  motion  effect  in  plants  one  and 
two  to  the  disruptive  effect  of  the  motion  on  the  subject  controllers.  Two  other  facts  need  to  be 
mentioned.  First,  the  input  forcing  function  was  incoherent  and  thus,  except  for  its  magnitude  and  band 
limited  nature,  was  unusable  as  an  information  source  to  the  subject.  Second,  unlike  the  visual  information 
available  in  actual  flight,  the  visual  error  display  in  this  study  was  a small-field-of-view  bar-line  system  which 
could  not  generate  the  additional  peripheral  visual  cues  for  detecting  and  predicting  motion.  The  utility  of 
these  peripheral  visual  cues  would  be  expected  to  increase,  relative  to  motion  cues.  Later  in  this  report,  two 
inflight  compensatory  tracking  experiments  which  confirm  these  assessments  will  be  examined. 

The  study  just  examined  is  consistent  with  a large  volume  of  research  on  single-  and  multiple-axis 
compensatory  tracking  tasks.  For  example,  in  “An  Experimental  Investigation  of  the  Role  of  Motion  in 
Ground-Based  Trainers”  (Ref  23),  a contracted  research  effort  conducted  for  the  Navy,  published  in  1974, 
the  authors  found  no  effect  on  the  criterion  task  as  a function  of  motion  condition  (off,  correlated  low  and 
high  bandwidth  motion,  and  random,  uncorrelated  motion),  whereas  exceptionally  strong  subject 
differences  (both  in  terms  of  individual  strategies  for  aircraft  control  and  ability  to  perform  the  task)  were 
noted.  Additionally,  the  authors  found  no  difference  between  the  effect  (either  on  the  criterion  task  or 
pilot  output  measures)  of  limited  bandwidth  (correlated)  motion  and  wide  bandwidth  (correlated)  motion. 
“Thus,  the  more  responsive  platform  adds  nothing  in  terms  of  pilot  performance,  nor  docs  it  differ  with 
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respect  to  pilot’s  ratings”  (Ref  23).  This  latter  conclusion  is  still  the  subject  of  considerable  controversy 
within  the  simulation  community.  As  experiments  involving  manual  tracking  behavior  and  platform  motion 
effectiveness  moved  away  from  the  oscilloscope  and  side-arm  controller  displays  of  the  laboratory  and  into 
cockpit  trainers,  investigators  became  aware  of  other,  powerful  variables  and  sources  of  information 
involved.  These  are  summarized  in  Figure  10. 

* Subject  Differences,  usually  the  largest  single  factor;  Includes  the 
effect  of  learning  and  experience. 

* Trial  Effects,  an  extremely  large  effect  on  the  order  of  magnitude  of 
the  subject  effect,  depending  on  the  experience  level  of  the  subject 
population. 

* Information  source  effects  Including: 

Control  loading  effects 
G-Seat  effects 
G-Sult  effects 
Instrument  effects 
Platform  motion  effects 
Visual  system  effects 

* Task  variables.  Including  Information  processing  requirements  and 
motor  difficulty. 


• Aircraft  dynamic  response  characteristics. 

Figure  10.  Experimental  variables  involved  in  a typical  simulator  or  transfer  study. 

Effect  size  (Ref  18),  as  well  as  statistical  significance,  now  plays  a major  role  in  determining  whether 
a particular  variable  or  cueing  mechanism  will  result  in  significant  training  transfer.  However,  the 
examination  of  motion  effect  size  is  difficult  because  of  the  controversy  surrounding  differing  motion 
platform  engineering  characteristics.  In  these  cases,  although  motion  shows  itself  to  be  a very  small  effect, 
critics  provide  as  an  alternative  explanation  the  possibility  that  the  observed  effect  size  is  due  to  each 
particular  motion  system’s  characteristics.  Although  possessing  a two-axis  joystick  (force  type)  controller, 
rather  than  a standard  aircraft  stick  or  yoke  controller,  and  a small-field-of-view  visual  display,  the  NASA 
LANGLEY  Visual-Motion  Simulator  (VMS)  has  the  best  (proven)  overall  motion  servo  characteristics 
known  to  the  author  (Ref  32).  For  that  reason,  data  taken  from  the  NASA-LANGLEY  VMS  have  been 
selected  for  examination  here.  The  VMS  is  a 60-inch  2 system  (Figure  11)  which  currently  represents  the 
upper  limit  on  commercial  affordability.  Data  from  three  studies  will  be  examined  here:  “Evaluation  of  a 
Linear  Washout  for  Simulator  Motion  Cue  Presentation  During  Landing  Approach”  (Ref  34);  “Comparison 


’ A "60-inch”  system  is  one  in  which  the  maximum  hydraulic  cylinder  extension  is  60  inches.  For  a discussion  of  the 
engineering  limitations  associated  with  60-inch  systems  see  Reference  6. 
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The  first  two  studies  use  a common  experimental  design,  but  differ  in  terms  of  the  type  of  motion 
presented.  The  first  experiment  examined  the  effect  on  pilot  criterion  performance,  (as  measured  by  both 
subjective  and  objective  measures)  of  a five-degrees-of-freedom  (heave  deleted),  linear  washout  programmed 
motion  system.  “The  task  was  an  ILS  [instrument-landing-system]  landing  in  a simulated  Boeing  737  which 
consisted  of:  (a)  a transition  to  the  localizer  beam,  followed  by  (b)  a transition  to  the  glide  slope,  and  (c) 
the  ensuing  approach  to  about  76m  (250  ft).  Three  approach  conditions  were  provided:  the  standard 
approach  previously  described,  the  standard  approach  with  instantaneous  encounter  of  a weather  front  (a 
10  knot  crosswind  with  moderate  turbulence),  and  the  standard  approach  with  the  occurrence  of  an  engine 
failure.  Instrumentation  consisted  of  an  attitude-direction  indicator,  vertical-speed  indicator,  a 
horizontal-situation  indicator,  altimeter,  airspeed  indicator  (both  calibrated  and  true),  meters  for  angles  of 
attack  and  sideslip,  and  a turn  and  bank  indicator”  (Ref  34).  Insofar  as  criterion  performance  is  concerned, 
the  only  meaningful  effects  are  pilots  (subjects),  approaches  (tasks),  and  their  interaction.  The  analysis  of 
variance  table  in  Figure  12  summarizes  the  results  of  that  experiment. 
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Figure  12.  Computed  F-distribution  values  for  the  analyses  of  variance. 


The  second  experiment  (Ref  33);  had  nearly  identical  results  to  the  first;  although  an  improved, 
nonlinear  motion  drive  algorithm  was  used.  In  the  words  of  the  authors,  “Objective  and  subjective  data 
gathered  in  the  process  of  comparing  a linear  and  a nonlinear  washout  for  motion  simulators  reveal  that 
there  is  no  difference  in  the  pilot-performance  measurements  used  during  instrument -landing-system  (ILS) 
approaches  with  a Boeing  737  conventional  tal|Mff  and  landing  (CTOL)  airplane  between  fixed-base, 
linear-washout,  and  nonlinear-washout  opernttod*.1^  The  primary  result,  that  of  a negligible  effect  of 
platform  motion  on  task  criterion  variables,  is  consistent  with  data  taken  from  Navy  (Ref  23)  and  Air  Force 
studies  (Ref  22)  as  well.  Motion  effect  size,  defined  as  tj1,  wJ . or  pi  (as  appropriate)  (Ref  18)  and  roughly 
equivalent  to  the  percentage  of  variance  accounted  for  by  a given  treatment,  is  also  consistent  across  studies 
conducted  on  other  simulators.  As  far  as  motion  effect  on  criterion  variables  is  concerned,  whenever  three 
or  more  of  the  categories  previously  listed  (Figure  10)  are  present,  that  effect  size  is  very  small. 

The  next  experiment  was  a pursuit  tracking  task.  Like  the  first  two  experiments,  this  one  was 
conducted  on  the  NASA  LANGLF.Y  VMS  (Figure  13).  Primary  experimental  elements  of  the  task  were  as 
follows:  (See  Figures  14  through  17.) 
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Figure  1 3.  NASA-Langley  visual-motion  simulator. 


Figure  15.  Pursuit  task  visual  display. 


1.  Subject  controlled  vertical  and  horizontal  separation  with  a target  aircraft  through  a fingertip 
controller.  Longitudinal  separation  was  fixed  by  the  computer. 

2.  A secondary  tap-rate  task  was  employed  to  increase  workload  level.  (See  Figure  16.) 

3.  Due  to  the  relatively  small  motion  excursions  involved,  platform  motion  was,  except  in  heave,  of 
extremely  high  fidelity.  “The  pitch  motion  was  small  enough  so  that  neither  washout  nor  scaling  was 
required”  (Page  7,  Ref  26). 

4.  The  aircraft  handling  qualities  and  target  frequency  effects,  as  well  as  the  time  delays,  were 
manipulated  to  both  the  visual  and  motion  systems. 

5.  Instruments  and  throttles  were  disconnected  for  the  experiment. 

6.  Precognitive  tracking  was  ruled  out  by  appropriate  selection  of  target  frequency.  Thus,  the 
subject  was  dependent  information  provided  by  the  displays. 

7.  Most  of  the  expen  ntal  results  are  based  on  one  subject  (Subject  “A,”  as  referred  to  by  the 
authors.) 

The  primary  purpose  of  this  experiment  was  to  examine  the  effects  of  motion  and  pure  time  delay  on 
both  RMS  tracking  and  RMS  control  performance.  As  can  be  seen  from  Figure  18,  the  relative  motion 
contribution  to  the  overall  analysis  of  variance  is  very  small,  even  though  this  experiment  has  an  extremely 
limited  number  of  influencing  variables  such  as  might  be  found  in  a transfer  of  training  context.  This  effect 
is  a general  one.  For  the  instrument  tasks  that  the  author  examined,  motion  effect  size  was  rarely  greater 
than  10%;  in  the  visual  studies  examined,  less  than  5%  and  often  smaller.  One  effect  was  consistent, 
however,  and  that  was  the  trend  toward  using  smaller  control  inputs  under  the  motion  condition  than  with 
the  fixed  base  operation.  Since  this  effect  is  relatively  repeatable  across  simulation  devices  for  most  tasks, 
the  important  question  becomes;  How  large  is  this  effect  and  what  is  its  likely  impact  on  training?  To 
answer  this  question,  consider  the  data  of  subject  A,  who  was  the  most  sensitive  to  platform  motion. 

First,  with  respect  to  criterion  performance,  subject  “A”  is  considerably  more  sensitive  to  aircraft 
type,  target  frequency  (task),  and  time  delay  effects  than  to  the  presence  or  absence  of  motion.  For 
example,  consider  the  summary  of  Airplane-Motion-Delay  effects  for  subject  “A”  given  in  Figure  19. 

It  is  apparent  that  even  for  a “sensitive”  subject  in  an  experiment  designed  primarily  to  examine 
motion  effects,  motion  has  only  a very  limited  effect  on  the  subject.  Changes  in  control  behavior  as 
measured  by  changes  in  RMS  control  input  are,  however,  noticeable.  The  elevator  and  aileron  deflection 
data  from  Reference  22  are  shown  in  Figures  20  and  21. 

It  can  be  seen  from  these  figures  that  the  maximum  mean  criterion  RMS  difference  across  all 
conditions  (including  up  to  400  ms  lag)  is  3.695  units  (each  unit  is  .01  radian)  or  2.117  degrees  RMS. 
Similarly,  a difference  of  .501  degree  RMS  exists  for  the  elevator  deflections.  If  the  motion  and  visual 
systems  were  both  calibrated  for  a “zero”  time  delay  condition,  mean  differences  shrink  to  .583  degree 
RMS  aileron  and  .267  degree  RMS  elevator  (across  both  aircraft  conditions).  Referring  to  the  force  versus 
displacement  chart  (Figure  17),  it  can  be  seen  that  elevator  force  and  position  differentials  (a  few 
hundredths  of  an  inch)  are  not  discriminable  to  the  human  being,  while  the  aileron  force  (estimated  from 
the  diagram  to  be  about  25  lb/radian)  would  differ  only  a few  ounces  in  control  pressure!  Here  is  a classic 
case  wherein  the  power  of  the  statistical  tests  and  the  resolution  of  the  data  can  isolate  the  existence  of  an 
effect  which,  when  taken  from  the  larger  view  of  training  a pilot,  is  of  no  consequence  whatever.  It  is 
important  for  the  reader  to  realize  that  even  if  a statistically  detectable  difference  in  control  strategy 
existed  (in  fact,  even  if  that  effect  were  large),  there  is  no  evidence  at  present  to  conclude  that  any  one 
strategy  is  “better”  than  any  other  strategy,  given  comparable  RMS  criterion  scores.  These  differences 
simply  represent  different  ways  of  solving  the  tracking  problem.  The  more  sophisticated  the  task,  the  larger 
the  class  of  acceptable  strategies,  and  the  less  likely  a detected  difference  has  any  interpretable  meaning. 
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Figure  18.  Analysis  of  variance  for  four  pilots.  (This  figure  shows  the  analysis  of  variance 
and  omega  square  calculations  for  the  motion,  pilot,  and  time  delay  factors  in  a pursuit 
tracking  task  study  conducted  on  the  NASA-Langley  Visual-Motion  Simulator  (VMS) 
(Ref  26).  Although  the  motion  effect  is  statistically  significant  at  the  .05  level,  its  relative 
effect  sire  is  very  small.) 
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•Each  unit  of  time  delay  equals  0.03125  sec. 

"Significant  difference  at  5 percent  level. 
cAN0V  denotes  analysis  of  variance. 

Figure  19.  Summary  of  data  for  airplane-motion-delay  interaction  with  subject  A.(t-tests 
performed  treating  each  factor  separately)  (This  figure,  adapted  from  reference  26,  shows 
the  relative  effect  size  platform  motion  has  on  the  RMS  total  error  performance  of  a 
subject  “sensitive”  to  platform  motion  as  a function  of  both  aircraft  type  and  time  delay. 
Of  special  importance  are  the  mean  differences  between  the  basic  aircraft,  with  and 
without  motion,  at  zero  time  delay,  and  the  “good  airplane,”  with  and  without  motion, 
again  at  zero  time  delay  (that  is,  with  motion,  aerodynamic  and  visual  information 
approximately  syncronized).  In  the  case  of  the  basic  aircraft,  a difference  of  only  .371 
meter  error  RMS  total  exists  between  the  full  and  motion  cases.  Likewise,  for  a “good” 
aircraft,  this  difference  dwindles  to  .102  meter.  Differences  of  this  magnitude  are  of  little 
consequence  in  a training  situation,  as  they  are  dwarfed  by  other,  more  powerful 
variables. 
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Figure  20.  Aileron  data  for  subject  A.  (This  figure  shows  the  effect  of  platform  motion 
on  joystick  aileron  commands  for  a motion  sensitive  subject  in  a pursuit  tracking  task 
conducted  on  the  NASA  Langley  Visual-Motion  Simulator.  Although  the  motion  effect  is 
statistically  significant,  with  a relatively  large  omega  square,  the  actual  joystick  RMS 
movement  ranges  from  .01501  radian  (about  .86  degree)  to  .02518  radian  (about  1.44 
degrees)  for  the  zero  time  delay  (motion,  visual,  and  aerodynamic  systems  synchronized) 
case.  The  total  workload  effect,  or  resulting  effect  on  training  of  difference  this  smdl  is 
negligible. 


21 


Basic  airplane  - no  motion 


Good  airplane  - 


Basic  airplane  - full  motion 


Good  airplane  - full  motion 


.525 

0.528 

0.543 

0.529 

0.632 

0.596 

0.583 

0.710 

0.602 

0.550 

0.433 

0.387 

0.526 

0.487 

.566 

.623 

.586 

.612 

.634 

.611 

.580 

.632 

.540 

.475 

.396 

.465 

.514 

.500 

.535 

.681 

.624 

.639 

.651 

.665 

.644 

.599 

.642 

.409 

.486 

.439 

421 

.509 

.712 

.574 

.592 

.070 

.725 

.706 

.622 

.626 

.610 

.416 

.471 

.427 

.497 

.552 

.601 

.634 

.678 

.659 

.712 

.788 

.782 

.722 

.600 

.401 

.421 

.552 

.488 

.536 

.568 

.643 

.608 

.064 

.649 

.722 

.664 

.592 

.637 

.378 

.409 

.458 

.525 

.461 

.603 

.552 

.529 

.657 

.609 

.560 

.638 

.585 

.629 

.427 

.403 

.454 

.493 

.502 

.675 

.630 

.609 

.574 

.665 

.594 

.712 

.606 

.663 

.402 

.408 

.440 

.551 

.525 

.604 

.542 

.484 

.521 

.694 

.665 

.684 

.596 

.514 

.445 

.465 

.430 

.543 

.522 

.454 

.438 

.517 

.522 

.553 

.545 

.684 

.566 

.521 

.455 

.388 

.482 

.531 

.596 

ANOVc  f **222. 31  b334.36  b3.34  b16.7I  b5.75 

J 27.82*  41.90*  1.18*  1.97*  2.39* 


jEach  unit  of  time  delay  equals  0.03125  sec. 
Significant  difference  at  5 percent  level. 
cAN0V  denotes  analysis  of  variance. 


Figure  21.  Elevator  data  for  subject  A.  (This  figure  shows  the  effect  of  platform  motion 
on  joystick  elevator  commands  for  a motion  sensitive  subject  in  a pursuit  tracking  task 
conducted  on  the  NASA  Langley  Visual-Motion  Simulator.  Although  the  motion  effect  is 
statistically  significant,  with  a relatively  large  omega  square,  the  actual  joystick  RMS 
movement  ranges  from  .00436  radian  (about  .25  degree)  to  .00902  radian  (about  .52 
degree)  for  the  zero  time  delay  (motion,  visual,  and  aerodynamic  systems  synchronized) 
case.  The  total  workload  effect,  or  resulting  effect  on  training  of  a difference  this  small,  is 
negligible. 


22 


IV.  AIRCRAFT  STUDIES 


Of  all  the  experimentation  relative  to  motion  cuing  performed  to  date,  inflight  experimentation  is  the 
least  well  developed,  however,  one  of  the  striking  differences  between  inflight  and  many  previous 
laboratory  and  simulator  results  is  the  profound  difference  between  visual  and  instrument  flight  control 
behavior.  These  differences  are  characterized  by  higher  gain  and  less  phase  lag  across  the  flight  control 
frequency  range  (Ref  29,  41).  The  gain  difference  between  contact  and  instrument  flight  is  a little  over  10 
dB  in  the  mid  frequency  regime,  with  10°  or  greater  phase  lead  (contact,  relative  to  instrument,  flight). 
These  same  studies  show  very  little  difference  between  fixed  base  (instrument)  behavior  and  actual  aircraft 
behavior  for  experienced  pilots  on  compensatory  tracking  tasks.  Several  authors  have  attributed  the 
increased  power  of  the  visual  effect  to  two  contributory  factors: 

1.  The  high  resolution  of  “real”  visual  information,  together  with  peripheral  cues. 

2.  The  capability  of  the  experienced  human  operator  to  generate  highly  complex,  organized 
sequences  of  control  actions  based  on  partially  complete  information  patterns. 

Kuehnel  (Ref  20)  found  that  experienced  pilots  could  detect  changes  in  pitch  disturbance  and  initiate 
correcting  responses  faster  than  would  be  expected  from  vestibular  sensing  alone.  The  reaction  time  given 
for  pitch  was  everywhere  below  that  expected  from  laboratory  data  for  roll  and  yaw.  Figure  22,  adapted 
from  Newell  (Ref  29),  summarizes  this  information.  In  his  review,  Newell  (Ref  29)  concludes  that  it  is 
superior  visual  motion  discrimination  which  accounts  for  the  decreased  latency: 

In  summary,  it  appears  that  visual  sensing  can  be  of  finer  resolution  than  vestibular  or  tactile  sensing  and  that 
it  can  operate  for  small  motion  perception  without  phase  lag  or  time  delays  up  to  a frequency  of  0.4  cps  and 
with  small  phase  lag  but  no  great  loss  of  information  up  to  a frequency  of  1 .6  cps. 

Whatever  the  explanation  for  these  data,  it  is  clear  that  a motion  sense  more  refined  than  vestibular  sensing, 
as  it  is  presently  understood,  is  at  work.  Since  this  information  will  always  be  available  for  use  to  the  pilot  in 
the  aircraft  whether  or  not  he  is  trained  on  a simulator  that  employs  platform  motion,  the  utility  of  such  a 
platform  motion  system  appears  marginal. 


Figure  22.  Latency  and  reaction  time  versus  angular  acceleration. 

One  of  the  difficulties  remaining  with  inflight  experimentation  deals  with  problems  in  the 
computation  of  human  transfer  functions.  Often  insufficient  power  exits  at  the  high  end  of  the  forcing 
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function  spectrum  to  permit  a meaningful  analysis  of  motion/no  motion  effects.  In  other  cases,  instrument 
lag  (or  resolution)  makes  comparison  difficult. 

The  next  study  was  an  inflight  simulation  study  conducted  at  tire  NASA  Flight  Research  Center  to 
determine  roll-mode  simulation  motion  requirements  (Ref  41).  White  noise  was  passed  through  two 
second-order  filters  and  used  to  create  separate  error  command  runs.  Three  values  of  roll-mode  time 
constants  were  selected,  to  provide  a range  of  aircraft  performance  from  fighter  to  transport.  Figure  23 
shows  the  forcing  function  input  function,  and  the  results  of  the  experiment  for  each  of  the  roll-mode  time 
constants.  In  this  instance,  in  excess  of  99%  of  the  total  input  power  is  below  4 rad/sec.  In  this  region,  not 
only  is  visual  performance  considerably  better  than  either  fixed  base  or  instrument  flight  (with  actual 
aircraft  motion),  but  fixed  base  performance  is  better  than  moving  base,  as  measured  by  higher  gain  and 
lower  phase  lag  over  the  mid  and  low  frequency  regimes!  Considering  the  number  of  data  runs  made, 
comparison  beyond  frequencies  of  2 to  3 rad/sec  is  not  meaningful.  (For  a discussion  of  error  analysis 
involving  transfer  function  estimation  see  Bendat  and  Piersol  (Ref  3)  or  Otnes  and  Enochson  (Ref  31)). 
Therefore,  for  experienced  pilots  on  compensatory  tasks,  the  case  for  motion  is  extremely  weak.  Even  full 
fidelity  (actual  aircraft)  motion  differs  scarcely  from  fixed  base  operation.  With  such  a minor  differential 
for  full  fidelity  motion,  a platform  motion  system,  with  its  numerous  known  deficiencies  (Ref  6),  cannot 
be  expected  to  provide  a significant  transfer-of-training  effect. 

The  subject  of  Flying  Training  transfer  is  an  area  which,  by  research  standards,  has  been  only 
modestly  developed,  but  from  an  experience  viewpoint  it  is  voluminous.  Every  aircraft  to  aircraft,  simulator 
to  aircraft,  or  training  course  to  aircraft  is  considered  as  a data  point  for  transfer.  Thus,  the  questions  arise: 
Are  platform  motion  systems  necessary  for  training?  If  not,  what  is  the  training  effectiveness  of  their  less 
costly  alternatives?  Fortunately,  in  this  area,  the  data  are  not  at  all  ambiguous.  For  example,  at  the  Flying 
Training  Division  of  the  Air  Force  Human  Resources  Laboratory  (AFHRL/FT),  almost  all  possible 
maneuvers  and  tasks  for  Instrument,  Navigation,  Formation,  Contact,  Air-to-Air,  and  Air-to-Surface  flight, 
have  been  examined,  and  as  yet  not  a single  one  has  been  found  that  is  not  trainable  without  a platform 
motion  system. 

Certainly  from  the  evidence  available  l!  can  be  deduced  that  platform  motion  is  not  necessary  to 
produce  successful  training  transfer  for  most  tasks.  At  the  same  time,  while  the  present  evidence  does  not 
show  platform  motion  to  be  valuable  as  an  enhancement  to  training,  neither  has  it  been  shown  to  be  a 
detriment.  Many  proponents  of  motion  systems,  including  some  simulator  industry  spokesmen,  feel  that 
with  increased  emphasis  on  motion  research  and  development,  the  proper  software  and  hardware 
combination  will  be  found  to  produce  a platform  motion  system  capable  of  significant,  economical, 
differential  training  transfer.  Once  a system  is  developed  which  investigators  believe  will  produce  the 
desired  training  transfer,  it  can  be  tested  in  actual  transfer  experiments.  Logically,  this  line  of  reasoning 
leads  to  a procurement  and  research  strategy  which  defers  large  scale  purchases  of  platform  motion  systems 
while  research  continues  into  optimizing  their  use.  Thus  valuable  defense  dollars  will  not  be  spent  on 
equipment  unlikely  to  produce  any  increase  in  defense  posture.  At  the  same  time,  the  option  is  left  open  to 
include  improved  motion  platform  systems,  if  they  can  be  made  significantly  beneficial,  at  a later  date. 
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Figure  23.  Man  machine  transfer  functions  and  disturbance  input  power  spectrum 
for  NASA  in-flight  simulation  experiment. 


V.  TRANSFER  OF  TRAINING  STUDIES 


Ultimately,  each  training  system  must  be  evaluated  in  the  operational  context.  Transfer  of  training 
studies  are  designed  foi  this  purpose.  Each  of  the  two  studies  presented  in  this  section  were  chosen 
specifically  to  represent  two  distinct  flying  problems.  The  first,  formation  flight,  is  a precision  flying  task 
which  is  essentially  pursuit  in  nature.  The  second  task,  air-to-surface  weapons  delivery,  is  primarily  a 
cognitive  task  with  a compensatory  component.  Although  the  latter  experimental  study  included  platform 
motion  as  a variable,  the  emphasis  in  this  section  is  not  on  the  value  of  a particular  platform  motion  system, 
but  on  the  training  effectiveness  of  their  alternatives. 

The  Formation  Flight  Trainer  (FFT)  was  procured  to  examine  the  effectiveness  of  a low  fidelity, 
formation  flight,  part-task  trainer  (see  Figure  24).  The  system  consisted  of  a low  resolution, 
wide-field-of-view  visual  system,  simplified  cockpit,  and  primitive  (constant  spring)  control  loading  system. 
(See  Refs  37  and  38  for  additional  information.)  Nine  maneuvers  were  taught  in  accordance  with  Air 
Training  Command  (ATC)  procedures  and  evaluated  by  ATC  check  pilots  on  an  expanded  12-point  scale. 
The  maneuvers  were:  straight-and-level,  shallow  bank  turns  (15°  to  20°),  medium  bank  turns  (30°  to  40°), 
steep  turns  (60°  to  90°),  route,  crossunder,  echelon  turns  (45°  bank),  turning  rejoin,  and  straight-ahead 
rejoin.  Two  separate  studies  were  conducted  with  a combined  N of  1 1 1.  Both  studies  provided  conclusive 
evidence  that  the  trainer  is  an  effective  device,  significant  beyond  p = .05. 3 This  was  true  in  spite  of  the  fact 
that  few,  if  any,  of  the  critical  engineering  parameters  (such  as  control  stick  gain,  aircraft  transfer  function, 
etc.)  resembled  their  physical  counterparts.  What  did  remain  constant  were  the  cognitive  and  decision 
making  components.  It  is  a well  known  and  important  characteristic  of  transfer  that  the  most  generalizable 
elements  of  a task  are  those  that  most  affect  transfer.  In  this  case,  it  is  apparent  that  control  form 
invariance  is  sufficient  for  teaching  formation  flight.  As  was  observed  before,  platform  motion  is  not 
essential  to  produce  rapid,  effective,  economical  training. 


Figure  24.  Formation  flight  trainer. 


’An  w1  was  calculated  for  each  experiment,  and  ranged  from  16%  for  experienced  subjects  to  39%  for  inexperienced 
subjects  (that  is,  the  device  was  more  effective  in  enhancing  the  training  of  inexperienced  subjects).  This  effect  is  a typical 
one;  moreover,  the  higher  the  experience  level  and  the  more  familiarity  with  a given  task  a subject  has,  the  lower  the 
expected  w’  will  be. 


The  next  study  (Ref  10)  examined  a more  general  transfer  effect,  that  of  air-to-surface  weapons 
delivery  training.  In  this  experiment,  24  undergraduate  pilot  training  graduates  were  intercepted  just  prior 
to  F-5B  fighter  lead-in  training  and  given  instruction  (eight  1 -hour  sorties)  in  air-to-surface  weapons  delivery 
techniques  in  the  Advanced  Simulator  for  Pilot  Training  (ASPT).  The  ASPT,  a full  mission  simulator  with 
wraparound  computer  generated  visual  capability  located  at  Williams  AFB,  Arizona,  was  configured  as  a 
T-37,  not  an  an  F-5B,  for  this  study.  After  training,  each  group  dropped  ordnance  from  the  F-5B  on  the  Air 
Force  Gila  Bend  Gunnery  Range.  The  resulting  distributional  differences  between  the  simulator  trained 
groups  and  the  control  group  were  visually  distinct. 

Bear  in  mind,  this  was  the  first  F-5B  aircraft  sortie  ever  flown  by  these  subjects.  Their  error  scores 
and  range  performance  were  representative  of  graduates  of  Combat  Crew  Training  School  with  considerable 
range  experience.  There  were  no  motion  effects  (positive  or  negative)  of  any  kind.  At  this  point,  it  is 
important  to  consider  the  training  ramifications  of  this  experiment.  First,  from  the  fidelity  viewpoint,  very 
few  of  the  critical  simulation  engineering  parameters  are  similar  to  their  aircraft  counterparts.  The  control 
dynamics  are  unrealistic,  the  range  pattern  and  airspeeds  were  much  slower  in  the  simulator  than  in  the 
actual  aircraft,  and  the  instruments,  mil-settings,  in  fact,  even  the  basic  shape  of  the  lift/drag  curves  are 
dissimilar.  Yet,  in  spite  of  these  differences,  transfer  was  exceptionally  high.  Again,  what  is  “similar”  is 
what  matters  the  most:  the  cognitive  components,  for  precisely  the  same  reasons,  namely,  that  they  are 
invariant  under  the  translation  from  simulator  task  to  aircraft  task.  Teaching  “judgement,”  or  more 
precisely  the  building  a strategy  of  flying  based  on  experience,  is  the  critical  problem. 

Air-to-surface  training  and  experimentation  have  now  been  extended  to  A-10  transition  and 
air-to-surface  research  using  a simplified  A-10  flight  model  developed  at  AFHRL/FT.  Both  phases  of 
training  (through  two  classes)  have  been  extremely  successful.  In  some  cases,  the  novice  pilots  transitioning 
to  the  A-10  have  actually  outperformed  their  instructor  pilots  in  terms  of  bomb  scores  on  the  Air  Force 
Gila  Bend  Gunnery  Range  (dropping  practice  bombs  from  the  A-10  aircraft).  For  the  A-10  study  (being 
conducted  fo'  TAC),  platform  motion  is  not  used.  Instead,  motion  cues  are  supplied  by  a G-seat  system 
and,  to  a large  degree,  by  the  wraparound  visual  system.  The  effect  on  within-simulator  performance  of 
experienced  pilots  of  the  visual  field-of-view  is  exponential  (see  Figure  25). 


-i r » • » 

5 4 3 2 1 

FIELD  - OF  - VIEW  SIZE 


Figure  25.  Field-of-view  effect  on  simulator  bomb  deliveries. 
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It  would  be  misleading  to  imply  that  strong  visual  effects  apply  only  to  experienced  pilots.  In  the  first 
of  a series  of  contact  flight  studies  conducted  on  ASPT,  eight  novice  subjects  were  taught  basic  aircraft 
control  in  the  simulator  including  takeoff,  straight-in  approach  and  landing,  360°  overhead  pattern  and 
landing,  configuration  change,  turns  to  heading,  and  airspeed  control.  Subjects  were  advanced  on  a 
proficiency  basis  in  the  simulator.  Of  the  eight  subjects,  seven  were  successful  in  landing  the  aircraft  on 
their  first  aircraft  sortie  (the  test  flight  for  this  experiment).  The  very  fact  that  the  instructor  pilots  felt 
confident  enough  about  die  student’s  ability  to  allow  the  student  to  complete  the  landing  is  indicative  of 
the  training  value  of  the  simulator.  The  wide-field-of-view  visual  display  is  a key  element  here  because  an 
overhead  pattern  simply  cannot  be  practiced  without  one. 


VI.  ANALYSIS 

In  reviewing  the  data  relative  to  platform  motion  and  flying  training  for  fixed  wing  aircraft,  several 
salient  points  arise.  The  earlier  experiments  were  small-sample  compensatory  or  pursuit  tracking  tasks 
wherein  the  operator  was  asked  to  nullify  the  effect  of  an  incoherent  signal  forcing  function,  displayed 
visually  on  an  oscilloscope  or  similar  device.  The  typical  control  dynamics  were  not  generally  representative 
of  operational  aircraft,  often  having  substantial  negative  damping  ratios  or  an  extraordinarily  high  number 
of  poles  in  the  denominator  of  the  control  element  transfer  function.  Subject  population  and  controller 
characteristics  were  also  dissimilar  to  the  operational  environment.  In  subsequent  simulator  experiments,  as 
well  as  in  later  transfer  experiments  the  addition  of  platform  motion  had  little,  if  any,  noticeable  effect  on 
criterion  performance  in  standard  aircraft  flying  tasks;  operator  output  behavior,  however,  was  affected, 
although  that  effect  was  seen  to  be  small  in  absolute  terms.  Other  variables  were  demonstrated  to  have  an 
equal  or  more  profound  effect  on  training  (effect  size)  than  the  presence  or  absence  of  platform  motion. 
These  include  individual  subject  differences,  (e.g.,  experience  and  ability),  practice  effects,  task  variables, 
aircraft  and  control  loading  response  characteristics,  and  other  information  sources;  most  particularly  high 
resolution,  wide-field-of-view  visual  systems,  G-seats,  G-suits,  buffet  and  vibration  systems,  and  aircraft 
instrumentation.  Of  critical  importance,  and  independent  of  any  controversy  surrounding  the  engineering 
limitations  of  specific  platform  motion  systems,  is  the  fact  that  almost  all  contact,  formation,  navigation, 
instrument,  air-to-air,  and  air-to-surfacc  tasks  can  be  taught  quickly,  efficiently  (and  economically)  without 
employing  a platform  motion  system.  It  is  asserted  that  this  is  a consequence  of  the  fundamentally 
cognitive  nature  of  flying  (Ref  9)  and  the  development  through  experience  of  open-loop,  hierarchical 
control  over  motor  behavior. 

As  a final  note,  the  logical  place  to  teach  proper  use  of  motion  cues  is  not  in  a simulator,  but  in  the 
aircraft.  The  cues  delivered  by  the  present  (and  foreseeable)  platform  motion  systems  differ  radically  in 
both  time  and  frequency  domain  characteristics  from  their  aircraft  counterparts,  except  in  the  case  of 
buffet  and  vibration  cues.  Thus,  while  a platform  motion  system  might  conceivably  aid  performance  in  the 
simulator,  prospects  for  increased  transfer  to  the  aircraft  are  small.  Buffet  and  vibration  cues  (often  termed 
“alerting”  cues)  can  be  generated  without  resort  to  a platform  motion  system  through  some  less  expensive 
alternative.  This  is  not  the  case  in  some  very  important  emergency  situations,  such  as  engine-out  on  takeoff 
for  a wide  bodied  aircraft.  A study  conducted  on  the  Flight  Simulator  for  Advanced  Aircraft  demonstrated 
the  positive  value  of  such  cues  (Ref  7).  While  it  is  not  known  if  this  simulator  practice  would  transfer  to  the 
aircraft,  it  is  certainly  hazardous,  as  well  as  unwise,  to  practice  the  maneuver  in  the  aircraft. 


VII.  RECOMMENDATIONS 

Only  two  recommendations  regarding  hardware  procurements  can  be  made  as  the  result  of  this 
report: 

1.  Wherever  feasible  and  affordable,  simulator  systems  should  be  procured  with  the  largest 
field-of-view  visual  system  that  is  consistent  with  mission  requirements.  Because  a platform  motion  system 
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has  a considerable  impact  on  visual  system  design  alternatives  and  these  will  eventually  affect  training 
effectiveness,  platform  motion  should  be  carefully  scrutinized  prior  to  its  inclusion. 

2.  Until  research  can  develop  a significantly  improved  platform  motion  system  (one  capable  of 
enhancing  training)  simulators  may  safely  be  procured  without  a platform  motion  system,  (without 
compromising  training  effectiveness).  Naturally,  the  option  to  buy  a platform  motion  system  can  always  be 
held  open  at  some  cost. 

Since  the  early  1950's,  considerable  research  efforts  have  been  spent  on  analyzing  compensatory  and 
pursuit  tracking  tasks.  The  result  has  been  a collection  of  descriptive  mathematical  models  which  can,  on  a 
trial-to-trial  and  pilot -to-pilot  basis,  be  made  to  fit  observed  data.  The  mathematical  models  treat  the 
human*  pilot  essentially  as  a passive  servo-system,  while  ignoring  his  cognitive  and  decision  making 
processes.  Attempts  to  model  skilled,  open-loop  monitoring  behavior  is  unfortunately  limited  at  present  to 
general  block  diagrams.  Some  excellent  work  has  occurred  in  the  area  of  cognitive  sets  and  workload 
estimation  using  maximum  likelihood  estimators  (Ref  5).  This  work  should  be  continued  and  extended. 

It  has  long  bee.’  known  that  human  controllers  can  and  do  develop  hierarchical  control  over  skills 
even  in  “unsolvable”  tasks  (Ref  35,  36).  Invariably,  this  skill  acquisition  results  in  behavior  that  is  superior 
to  a strictly  error-feedback  strategy,  giving  the  impression  that  the  human  operator  is  processing 
information  at  a higher  rate  than  would  be  expected  on  the  basis  of  even  continuous  feedback  alone,  let 
alone  time-sampled  feedback.  Research  is  required  to  determine  both  the  mechanism  for  this  remarkable 
behavior  and  the  means  for  instilling  it  into  pilot  trainees.  Perhaps  some  of  the  conceptual  models  offered 
by  nonlinear  information  processing  theory  (maximum  likelihood  (Ref  21)  or  maximum  entropy  (Ref  13, 
28))  will  point  the  way.  Determining  the  pilot's  cognitive  and  decision  process  is  necessary  to  understand 
and  optimize  flying  training. 
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